I. INTRODUCTION T HE NATIONAL Bureau of Standards has constructed
a system designed to measure satellite EIRP using a calibrated radio star. The system operates off the IF patch panel of the downlink earth terminal (ET), and automatically controls the several measurement sequences.
The method employed in the earth-terminal measurement system (ETMS) is a modified version of the radio-star method [1] of measuring satellite EIRP (effective isotropic radiated power), the modification [2] allowing ET receiver gain fluctuations to be removed from the measurement and significantly reducing measurement error.
In addition to a digital voltmeter and accurately calibrated IF attenuators, the ETMS features a very accurate power bridge [3] , and an improved solid-state noise source [4] of high stability. Combined, the components can routinely measure power ratios to a few hundredths of a decibel. The ETMS also incorporates well calibrated IF bandpass filters whose characteristics are combined with the observed ET passband characteristics by the computer software in the ETMS to obtain the overall noise bandwidth needed for the calculation of EIRP.
A measurement and error analysis for the 1-10-GHz frequency range to be reviewed in this paper is incorporated in the ETMS computer software. The analysis reveals additional errors and a higher atmospheric correction than previously calculated.
The relationship of the ETMS to the ET receiving system is shown in Fig. 1 . The receiving system is represented by the ET antenna, cross-guide coupler, low-noise amplifier (LNA), downconverter, and IF patch panel. The ETMS consists of the solid-state noise source, and the power measurement and control console. The noise source is connected to the receiving system through the cross-guide Manuscript received December 2, 1977. This work was supported in part by the U.S. Army Communications Command, Fort Huachuca, AZ.
The author is with the U.S. Department of Commerce, National Bureau of Standards, Boulder, CO 80302. coupler, and T. is the noise temperature representing the noise power added to the system at the LNA when the noise source is turned on. The gain ofthe system from the antenna far field to the LNA is represented by G, and is the product of the antenna gain and the waveguide loss from the antenna to the LNA. The noise source serves a double purpose in the EIRP measurement. The first is to eliminate gain fluctuations [2] from the LNA input to the power detector in the ETMS. This is accomplished by performing all power measurements in pairs, one measurement with the noise source turned off, followed immediately by the same measurement with the noise source turned on. The noise-source-off measurement is then normalized by the difference between the two measurements, thus eliminating the system gain (and consequently the possibility of gain fluctuations) between the LNA and the ETMS power detector from the power ratio. where k is Boltzmann's constant, Af is the combined ET-ETMS noise bandwidth, L is the space loss (47tr/A)2 [5] , r is the range from the ET antenna to the satellite transmit antenna, A is the measurement wavelength, and A is the aspect angle correction [1] . e1 through e7 are near-unity correction factors analogous to the GIT correction factors described in an earlier publication [6] . Sequentially, these factors account for: 1) atmospheric transmission losses, 2) the angular extent ofthe received satellite signal as "seen" by the ET antenna, 3) frequency variations of the receiving system components across the receiver passband, 4) frequency variations of the downlink operating noise temperature across the receiver passband, 5) imperfect ET antenna pointing, 6) polarization mismatch between satellite signal and ET antenna, and 7) finite response time of the ETMS and instabilities in T7.
The theoretical development leading to (1) is outlined in the next section.
II. THEORETICAL DEVELOPMENT As mentioned earlier, the EIRP measurement performed by the ETMS is accomplished in two steps, obtaining the T. /G calibration curve, and measuring the received satellite power. Before examining these two steps separately, basic equations used as a starting point for their theoretical descriptions will be presented. Although these equations and some ofthe approximations leadingto the final working equations may be applicable over a wider frequency range, they are designed primarily for the 1-10-GHz frequency range.
A model of the ET receiving system is shown in the block diagram of Fig. 3 . The system (including the atmosphere) is outlined in solid blocks. The far-field source is the satellite or radio star, depending at which the ET antenna is pointed, and B(Q,f ) is the corresponding brightness distribution [7] . Q represents the pair of spherical polar angles with origin at the ET antenna and z axis along the center of the mainbeam, andfis the frequency. (Q,f ) is an operator representing the effects [8] , [6] of gaseous absorption, refractive spreading, and tropospheric scattering on the incoming flux from the radio star or satellite. M(f ) is a mismatch factor [9] relating the polarization of the source radiation to the ET antenna polarization. Ae(f ) and G(f) are the effective area and gain, respectively, of the combined antenna, waveguide feed, and cross-guide coupler. TL(f) is the noise temperature of the solid-state noise source as it appears at the LNA input. When the noise source is turned off the added noise Ta( f ) is zero. T(f ) is the noise temperature of the ET system and consists of cosmic background noise, atmospheric and man-made noise, ground noise, noise from I2R losses in the antenna, waveguide feed, and cross-guide coupler, the effective input noise temperature of the LNA, and radiated satellite noise when the ET antenna is pointed at the satellite.
w(f) is the spectral power (power per unit bandwidth) corresponding to the sum of the spectral power from the calculated from measurements at t2 and t3. The measurement at t2 corresponds to the radio star being in the center of the ET antenna pattern. The measurement at t3 is another measurement of the noise baseline and which, with yl, allows the value of the noise baseline at t2 to be determined. By subtracting the noise baseline from the measurement at t2, the IF power ratio difference Ay corresponding to the radio star can be determined from the equation
AY=Y2-(Y1 +Y3)/2. far-field source kTL(f) and kT(f). g(f) is the ratio of the spectral power delivered to the power meter to the available spectral power at the LNA input. P is the total power delivered to the power meter. The spectral power w(f ) is related to other parameters appearing in Fig. 3 by the equation
Pn(Q -Qo, f ) is the normalized power pattern of the ET antenna, waveguide feed, cross-guide coupler combination, where the difference Q -Qo accounts for the fact that the antenna may not be pointing at the center f2o of the far-field source. The quotation marks around T7(f ) are a reminder that T?(f ) is zero when the solid-state noise source is turned off. dQ is the infinitesimal solid angle sin 0 dO d/.
The power P detected by the ETMS is related to the spectral power w(f) by the equation
The form of (2) and (3) are a manifestation of the assumed linearity of the model in Fig. 3 , and form the theoretical basis for the following description of the two-step measurement process leading to the EIRP equation (1) . A. Step One 7T,/G Calibration Curve
The power measurements performed by the ETMS to obtain T./G at a particular elevation angle are indicated by the heavy dots in Fig. 4 . As a calibrated radio star passes through the center of the ET antenna mainbeam, the IF power detected by the ETMS describes a curve shaped somewhat as depicted in the figure. The slope of the baseline from t1 to t3 could be caused by a variation in the cosmic background surrounding the radio star, or a slow change in the ET receiver gain. Three pairs of power measurements are made, one at each time t1, t2, and t3. At t1, a measurement P1 of the noise baseline is made, followed immediately by the same measurement P 1 + Pa, with the solid-state noise source The values of the measured powers in Fig. 4 can be related to the quantities in the block diagram of Fig. 3 through (2) and (3). For example, (5) and Pa = ig(f)kTa(f) df (6) The B(Q,f) in (5) is the radio-star brightness distribution, and M(f ) (approximately equal to 1/2) is the corresponding mismatch factor.
Equations (5) and (6) with similar equations for the measurements at t2 and t3 can be combined to give a theoretical expression for the Ay of (4). When this is done and equated to Ay, the following equation can be derived:
Ay (7) A is the measurement wavelength, S = B(Q, f) dQ is the radio-star flux density at frequency f, and k is again Boltzmann's constant. k 1 through k7 are correction factors defined to give the functional form of (7) and are expressions containing a number of integrals. Under certain circumstances, these factors are close to unity, making accurate radio-star measurement of G/T or EIRP possible. Reduced expressions for the ki's have been discussed in earlier publications [6] , [12] .
The value for T./G calculated from (7) pertains to a particular elevation angle. When this process is repeated for other elevation angles as the radio-star traverses its path across the sky, the data points in Fig. 2 from which the calibration curve is derived are generated. The T1/G value needed to determine the satellite signal power is then obtained from the curve at the elevation angle ofthe satellite.
B.
Step Two Received Satellite Power Measurements With the T /G calibration completed, the antenna is pointed at the satellite in order to measure the received signal power. Fig. 5 illustrates the resulting RF power t2 t3 TIME where i indicates that the downconverter has been tuned to f_,fo, or f+, respectively. The procedure for normalizing these powers is different from the normalization procedure used in the T,/G calibration, but is still done for the same purpose, to eliminate gain fluctuations. As previously discussed in the T./G measurement with the radio star Yi, Y2, and y3 are calculated from pairs of power measurements with one member ofeach pair having the solid-state noise source turned on. With reference to Fig. 4 , the magnitude of the added noise power P. was large enough compared to the Pi (i = 1, 2, 3) that when Pi was subtracted from the measured power Pi + P. to obtain P., significant figures were not lost. However, in the measurement of satellite power (Fig. 5) PO and sometimes P_ and P+ are sufficiently large compared to P. to cause significant variation in the P. determined from subtracting Pi(i = -, 0, + ) from Pi + P.. This problem is circumvented by pointing the ET antenna away (in azimuth) from the satellite to obtain P, (at f-, fo, and f+) by measuring a noise baseline comparable in magnitude to the noise baseline in Fig. 4 , and then normalizing Pi (i = -, 0, +) with the resulting P8's. These P.'s are related to T8(f) and the receiver gain g(f) by the equation Pai = f kTa(f)gi(f) df, i = 0-, + (9) where the subscript i signifies whether the ET downconverter has been tuned tof-,fo, orf+.
The ratio difference AY of the received satellite signal at the LNA input is calculated from the equation
With the Ay's of this equation replaced by their theoretical counterparts, (1) can be derived. Like the ki's of (7), the e;'s are defined in such a manner as to obtain the functional form of (1). As in the T./G measurement, the utility of the radio-star method for measuring EIRP depends upon the ei's being close to unity. The working equations for the ei's used in the ETMS are to be found in [12] . In obtaining (1) from (10), a brief explanation of how the aspect angle correction A is defined in this analysis is helpful. Fig. 6 depicts a satellite signal being radiated to an earth terminal located in the direction of the spherical angles represented by co from the center of the mainbeam of the satellite antenna. The spectral power p(f) of the signal available at the output port of the satellite transmitter (TXR) is fed to the satellite antenna whose gain in the co direction is g(cojf). The resulting intensity I(,Jf) radiated into the infinitesimal solid angle dwo is I(Pw,f) = p(f)g(co,f ).
The aspect angle correction A is then defined here in terms of this radiated intensity by the equation III. ERROR ANALYSIS Examination of (1) and (7) [9] . This uncertainty and the corresponding 4.46-percent EIRP error appears difficult to reduce at the present time.
The 0.006-dB uncertainty in the space loss is due to range (r of Fig. 6 ) uncertainty which was assumed to be the daily range variation of the satellite used in the example.
The composite ET receiving system-ETMS noise bandwidth is determined at each ET from previously measurement parameters of the ETMS filters and the gain slope of the ET passband. 14 r- The uncertainties listed in rows 5 through 11 were calculated from the k, /ei ratios for i equal to 1-7, respectively. Most of the ratios shown in column 2 are unity because like correction factors tend to cancel each other. The exception is the star-shape correction factor ratio (0.899) where e2 is always unity because the satellite subtends a vanishingly small solid angle at the ET antenna, and the radio star does not.
The atmospheric transmission error (7.02 percent) varies with elevation angle, giving the total EIRP error a characteristic shape shown in Fig. 7 . Table I spheric temperature, pressure, and water-vapor density profiles between the T,/G and received satellite power measurements. The large magnitude of this error (7.02 percent) is due in great part to a lack of measurement data and analysis concerning the tropospheric scattering effect [6] , [8] . The error could probably be reduced with even a modest effort in this area. The basis for errors 6 and 7 have been previously discussed [6] .
The error due to downlink noise temperature variations includes uncertainties arising from cosmic background variation around the calibrated radio star, and from portions of the satellite signal (ifthe signal carrier is modulated) appearing in thef-andf, frequency bands (see Fig. 5 ) reserved for the baseline noise measurements. The satellite signal was assumed to be unmodulated for these calculations, accounting for the small 0.01-percent error.
The 1.31-percent error from antenna pointing inaccuracies is essentially twice the value when pointing at either the radio star or satellite, and is calculated using an assumed pointing uncertainty of 5 percent of the antenna half-power-beamwidth.
The polarization mismatch error was calculated assuming axial ratios for the ET and satellite antennas of 0.5 and 0.05 dB, respectively.
The time constant of the ETMS is sufficiently short and causes no appreciable EIRP error. The 0.23-percent error in row 11 is due entirely to the T7 instability.
The normalized power pattern of the satellite transmit antenna is needed to determine the aspect angle correction. The 5.29-percent EIRP error is the result of an aspect angle uncertainty obtained from the literature [1] . The application of emerging spherical near-field scanning techniques [10] , [11] to satellite antenna measurements should significantly reduce this error.
The quadrature sum of the systematic errors in Table I is 10.1 percent, and is dominated by errors resulting from uncertainties in the Cassiopeia A flux density, the atmospheric transmission factor, and the aspect angle correction. Representative values for the random errors generated during the measurement of T./G and received satellite power increase this quadrature error to 18.5 percent.
Further information concerning details of the measurement and error equations is available [12] , [13] .
IV. CONCLUSIONS
The measurement of EIRP as performed by the ETMS has been described, and an outline of the derivation of the equations leading to the error analysis presented. The results of this analysis are given in Table I and Fig. 7 .
The results show a 10-percent quadrature systematic EIRP error for a 120 elevation angle, increasing to 19 percent (3a) with addition ofthe random errors generated during the measurement.
At 120 elevation angle, the total systematic error is dominated by errors resulting from uncertainties in the radio-star flux density, the atmospheric transmission factors, and the aspect angle correction. It appears that the latter two uncertainties might be significantly reduced with presently available knowledge and measurement techniques.
